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Abstract 


The  distribution  of  dislocations  in  the  surface  layer  and  the  interior 
of  fatigued  and  stress-corrosion  damaged  specimen  was  determined  by  X-ray 
line  broadening  techniques.  The  data  indicate  that  in  both  cases  the 
dislocation  density  in  the  region  of  the  surface  is  higher  than  that  in  the 
interior  initially.  With  increasing  damage  the  dislocation  density  in  the 
interior  increases  rapidly  and  finally  becomes  equal  to  that  of  the  surface. 
A  crack  or  fracture  occurs  when  this  condition  is  fulfilled.  The  ratio  of 
the  dislocation  density  in  the  surface  and  the  interior  can  provide  a 
measure  of  the  damage  caused  by  fatigue  and  stress  corrosion.  Measurements 
of  fatigue  and  stress-corrosion  damage  by  the  X-ray  technique  agreed  closely 
with  the  measured  damage. 
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Introduction 


It  is  obviouslv  verv  desirable  to  be  able  to  determine  by  nondestruc¬ 
tive  methods  the  amount  of  fatigue  and  stress-corrosion  damage.  The  ability 
to  achieve  these  goals  has  not  been  attained  to  any  considerable  degree  in 
spite  of  the  considerable  efforts  devoted  to  the  sublect.  In  general,  most 
of  these  investigations  have  been  directed  toward  investigations  concerned 
with  microstructural  or  defect  changes  that  occur  in  the  bulk  of  the 

material,  or  such  changes  that  occur  at  the  surface,  per  se.  One  of  the 

important  points  to  be  made  in  this  paper  is  that  fatigue  and  stress- 
corrosion  damage  may  be  determined  when  both  the  surface  laver  together  with 
the  bulk  material  are  taken  into  consideration.  Either  taken  separately  may 
lead  to  erroneous  conclusions. 

In  a  series  of  investigations  starting  in  1961,  it  was  shown  that  in 

the  region  of  the  surface  to  a  depth  in  the  range  of  50  to  100  ;;m,  the  work¬ 

hardening  was  greater  than  that  in  the  bulk  of  the  material  (1,2).  This 
layer  was  also  reported  to  form  in  fatigued  specimens  (3,4).  It  was 
further  shown  that  in  stress-corrosion  cracking,  those  environments  that 
caused  damage  also  increased  the  work  hardening  of  the  surface  region  (5). 
These  investigations  led  to  the  concept  that  the  surface  influences  to  a 
considerable  degree,  and  in  some  cases  controls,  the  dislocation  generation 
in  the  bulk  especially  when  the  fatigue  and  stress-corrosion  experiments  are 
conducted  below  the  macroscopic  yield  stress. 

In  a  series  of  studies  on  aluminum  2024-T6,  titanium  (6A1/4V),  and  a 
4130  steel  the  surface  layer  stress  was  measured  as  a  function  of  the 
number  of  fatigue  cycles  under  high-cycle  conditions.  The  surface  layer 
stress  was  defined  as  the  additional  stress  required  to  produce  a  given 
amount  of  plastic  deformation  because  of  the  extra  work  hardening  in  the 
surface  layer.  For  these  three  classes  of  materials  (fee,  hep,  bec),  a 
propagating  crack  formed  whenever  the  surface  layer  stress  attained  a 
critical  value  for  each  material.  This  value  was  independent  of  the  stress 
amplitude,  the  environment,  and  prior  cyclic  history.  These  observations 
are  In  agreement  with  the  concept  that  crack  formation  at  these  low  applied 
stresses  is  associated  with  an  accumulation  of  dislocation  of  like  sign 
(excess  dislocations)  in  the  surface  layer  (4,6).  According  to  this 
concept,  to  form  a  crack,  the  surface  layer  acts  as  a  barrier  to  a  piled- 
up  array  or  a  local  accumulation  of  dislocations  of  like  sign  and,  at  a 
sufficiently  high  applied  stress  and  dislocation  density,  the  stress  field 
ahead  of  the  "pile-up"  exceeds  the  local  fracture  strength  of  the  material. 
At  low  barrier  strengths,  plastic  flow  ahead  of  the  "pile-up"  occurs  to 
allow  stress  relaxation.  As  will  be  discussed  later  in  more  detail,  the 
formation  of  a  surface  layer  containing  a  high  density  of  dislocation  is  a 
necessary  but  not  a  sufficient  condition  for  crack  formation.  It  will  be 
shown  in  those  cases  investigated  that  a  crack  forms  when  the  dislocation 
density  in  the  interior  becomes  essentially  equal  to  that  of  the  surface 
layer,  and  the  dislocation  density  is  essentially  uniform  throughout  the 
cross  section  of  the  specimen. 


X-Ray  Diffraction  Study  of  Surface  Layer 

X-ray  diffraction  analysis  can  provide  a  reliable  method  for  the 
measurement  of  the  changes  in  the  dislocation  density  as  a  function  of 
plastic  deformation.  The  techniques  are  highly  sensitive  to  the  changes  in 
the  crystal  structure  and  may  be  employed  for  a  nondestructive  evaluation. 
Both  the  double  crystal  diffractometer  and  the  powder  X-ray  techniques  have 
been  employed  in  these  investigations  to  determine  the  changes  in  the 
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dislocation  density-depth  profile  of  specimens  subjected  to  tensile 
deformation  and  fatigue.  The  dislocation  density,  0,  may  be  related  to 
3,  the  widths  of  the  X-ray  line,  or  spots  by  (7): 

P  -  S/bT,  (1) 

where  T  is  the  subgrain  size  and  b  is  the  Burger's  vector  or 

o  -  62/9b2.  (2) 

Equations  (1)  and  (2)  give  the  lower  and  upper  bounds  of  the  dislocation 
density,  respectively.  The  dislocation  density  may  be  obtained  from  an 
analysis  of  the  line  profile  (8)  and  the  method  of  integral  breadths  (9). 
According  to  the  latter 


E  cos  6  =  r—  +  4e  sin  6,  (3) 

where  e  =  .3  d/d  and  d  is  the  interplaner  spacing.  The  first  term  on  the 
right  is  related  to  the  particle  size  while  the  second  term  is  related  to 
the  microstrain  The  dislocation  density  associated  with  the  particle 

size  and  strain  is,  respectively 


P 


P 


1 

I7’ 


(4) 


PE  -=  12<e2>!5/b2 

where  <C2>'2  =  e/1.25  is  the  root  mean  square  microstrain. 


(5) 


Dislocation-Depth  Profile  of  Unidirectional  Stressed  Crystals 

A  somewhat  typical  X-ray  line  profile  obtained  for  unidirectional 
strained  metals  is  shown  in  Figure  la  for  a  silicon  crystal  that  was 
strained  10%  at  650°C.  In  this  example,  a  double  crystal  diffractometer 
was  employed.  After  the  deformation,  100  urn  was  removed  and  it  is  apparent 
that  the  line  sharpened  considerably  (Figure  lb).  Figure  2  shows  the 
dislocation  density-depth  profile  (p-x)  for  silicon,  a  material  with  a  low 
stacking  fault  energy;  aluminum,  a  high  stacking  fault  energy  material;  and 
gold,  which  exhibits  little  or  no  propensity  for  the  formation  of  a  surface 
oxide.  To  prevent  possible  relaxation  effects  in  aluminum,  the  straining 
and  X-ray  measurements  were  carried  out  at  -5°C.  The  p  values  given  in 
Figure  2  and  in  the  other  portions  of  this  paper  were  calculated  from 
Equation  (2).  For  all  three  metals,  there  was  a  decline  by  factors  of  3  to 
6  from  the  high  surface  layer  density,  p  ,  to  a  constant  value,  p^,  at  about 
100  to  150  pm  in  the  interior.  These  reiults,  together  with  the  published 
data,  demonstrate  that  the  work  hardening  even  in  unidirectional  straining 
is  not  uniform  throughout  the  cross  section. 


Dislocation  Density-Depth  Profile  of  Fatigued  Specimens 

Figure  3  shows  data  obtained  by  analysis  of  the  surface  layer,  using 
shallow-penetrating  copper  radiation,  ''-7pm,  after  cycling  specimens  of 
aluminum  2024-T3  for  various  fractions  of  the  fatigue  life.  The  results 
are  plotted  for  specimens  with  two  average  grain  sizes  differing  by  about 
25%  in  grain  diameter,  and  for  tests  carried  out  at  two  different  stress 


3 


r 


amplitudes.  In  agreement  with  Taira,  et  al  (10,  11),  the  change  in  excess 
dislocation  density  during  the  life  could  be  described  by  a  three-stage  se¬ 
quence  for  all  the  tests.  Rapid  increases  in  the  defect  concentration  oc¬ 
curred  earlv  (Stage  I)  and  late  (Stage  III)  in  the  life.  A  markedly 
decreased  slope  was  obtained  for  the  long  duration  of  the  second  stage  com¬ 
prising  the  period  from  0.15  to  0.95  Nf .  All  the  data  fell  within  the  exper¬ 
imental  error  band,  even  for  the  alternate  grain  size  stock,  if  a  uniform 
shift  factor  related  to  the  ratio  of  grain  diameters  was  applied  (12). 


Figure  1  -  X-ray  rocking  curve 
profiles  of  tensile  deformed 
silicon  single  crvstal.  «  10” 
650°C,  tensile  axis  Cl 103 ,  (112) 
reflection,  Cu  K'».  (a)  Original 

surface,  (b)  after  removal  of  a 
100  pm  sui face  layer. 


DEPTH  FROM  SURFACE.  X  Igm) 


FRACTION  OF  FATIGUE  LIFE.  N'N,  (%l 


Figure  2  -  Distribution  of  excess 
dislocations  with  depth  from  the 
crystal  surface.  Tensile  axis 
and  surface  orientations:  Al  ICO 
and  (100);  Si  110  and  (112); 

Au,  123  and  (311) 


Figure  3  -  Excess  dislocation 
density  in  the  surface  for 
fatigued  Al  2024-T3  specimens 
with  G.S  4  and  33  mm,  tested 
at  various  stress  amplitudes. 
Cu  K  radiation. 
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The  data  presented  in  Figure  4a  were  obtained  from  the  rocking  curve 
analysis  of  aluminum  2024-T3  specimens  cycled  for  various  fatigue  life 
fractions  at  +200  MPa  corresponding  to  the  proportional  limit.  Analogous  to 
the  deformation  characteristic  of  monotonically  and  cyclically  deformed 
single  crystals,  the  p-»  profile  revealed  a  higher  excess  dislocation 
density  in  the  surface  layer  than  in  the  bulk.  Up  to  about  0.15%  of  the 
fatigue  life  (N  =  21,000),  the  p-x  profile  was  similar  to  that  observed 
after  single  tension.  Observations  made  after  5 7  of  the  fatigue  life  showed 
that  the  dislocation  density  in  the  bulk  also  increased,  and  a  trough 
appeared  on  the  ,'-y  profile  in  the  sub-surface  region.  With  further 
cycling,  the  excess  dislocation  density  continued  to  increase  in  the  surface 
layer  and  in  the  bulk. 

The  data  in  Figure  5  were  obtained  for  specimens  of  aluminum  2024-T4 
fatigued  in  3.5%  NaCl  in  axial  tension-tension .  Except  for  the  absence  of 
a  minimum,  the  curves  are  similar  to  those  obtained  for  the  axial  tension- 
compression  cases  shown  in  Figure  4.  At  the  lower  damage  level  of  31%  and 
67/  the  B  values  to  a  depth  of  about  50  ;.m  are  greater  than  those  in  the 
bulk  material.  As  the  fatigue  damage  increased,  the  6  values  of  the 
interior  increased  more  rapidly  than  those  of  the  surface,  and  again 
failure  occurred  when  the  two  were  essentially  equal. 


MISTAKE  FJWAUVAFACE  FAACTI0A  OF  UFE  DISTANCE  FROM  SURFACE 
■  (j4n)  N/fl|  HU  I  Ujr| 


Figure  4  -  (A)  Excess  dislocation 
density-depth  profile  for  A1  2024- 
T3  specimens  fatigued  various  per¬ 
centages  of  life.  (B)  Dislocation 
density  of  surface  after  removal  of 
surface  layer  and  cycling.  (C)  Dis¬ 
location  density  -  depth  profile 
after  fatiguing,  N/Nf  -  0.75,  re¬ 
moval  of  surface  and  cycling 
N/Nf  -  0.05. 

Instability  of  Defect  Structure  in  the  Interior 

From  Figure  4  it  is  clear  that  p  and  p,  continue  to  increase  with  the 
amount  of  fatigue  damage.  The  observation  that  increases  in  the  bulk 
appears  to  imply  that  permanent  damage  has  occurred  throughout  the  specimen, 
and  yet  it  is  known  that  the  fatigue  life  of  metals  is  completely  recovered 
when  the  surface  layer  is  removed  periodically  during  the  cycling  process. 
The  answer  to  this  apparent  conflict  is  that  the  defect  structure  in  the 
interior  is  unstable  without  the  presence  of  the  surface  layer.  The 
instability  of  the  interior  defect  structure  is  demonstrated  in  Figure  4b 
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bv  specimens  that  had  been  cycled  752  and  957  of  their  life  and  after  removal 
of  400  am  were  cvcled  again  at  the  same  stress  (200  MPa).  The  dislocation 
density  determined  from  the  rocking  curves  employing  copper  radiation 
declined  very  rapidly  during  the  initial  recycling  and,  after  about  200 
cycles,  reached  a  minimum  that  was  approximately  the  same  as  that  of  the 
original  specimen.  After  1%  to  27  of  the  life,  increased  again.  Mien 
the  recvcling  was  continued  to  57.  of  the  fatigue  life,  the  profile  over 
the  entire  cross  section  was  the  same  as  that  of  the  virgin  specimen 
fatigued  5%  of  the  life. 


Figure  5  -  depth  profile  as  a 
function  of  fatigue  damage  for 
A1  2024-T4  fatigued  at  276  MPa  in 
3.52  NaCl.  R  =  0.1,  Cr  K. 


The  reversion  of  the  bulk  dislocation  content  back  to  the  virgin  state 
when  fatigued  specimens  were  cycled  in  the  absence  of  the  work -hardened 
surface  layer  explains  the  extension  of  the  fatigue  life  by  periodic  removal 
of  the  surface.  The  observations  relative  to  this  instability  imply  that 
there  is  a  strong  reaction  of  the  dislocation  in  the  interior  to  the  surface 
layer.  At  the  stress  amplitude  employed,  it  is  apparent  that  the  dis¬ 
location  density  in  the  bulk  would  not  have  increased  during  the  cycling 
without  the  presence  of  the  surface  layer.  In  this  sense,  the  increase  in 
the  bulk  dislocation  density  is  controlled  entirely  by  the  surface  layer  at 
least  for  high-cvcle  fatigue  processes. 

The  instability  observation  has  important  implications  relative  to  the 
influence  of  the  environment  on  the  work-hardening  characteristics.  The 
instability  observations  lead  to  the  concept  that  the  work -hardening  of  the 
interior  is  dependent  on  the  surface  layer.  Accordingly,  an  environment 
that  influences  the  surface  layer  will  also  affect  the  work-hardeni ng  of 
the  bulk.  For  this  to  occur,  the  stress  fields  associated  with  the  dis¬ 
location  array  in  the  surface  layer  must  act  over  long  distances.  Conceive- 
ably,  if  the  dislocations  are  arranged  in  a  form  similar  to  an  inverse 
"pile-up,"  the  stress  may  be  transmitted  over  long  distances.  According 
to  this  model,  the  effective  stress  acting  on  the  dislocations  in  the 
interior  has,  in  addition  to  the  applied  stress,  a  stress  component  due  to 
the  dislocation  array  of  the  surface  layer.  The  proposal  that  the  stress 
field  associated  with  the  surface  layer  can  act  over  a  long  distance  to 
Influence  the  plastic  deformation  of  the  bulk  material  finds  support  in  the 
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Investigations  of  Baranov,  et_n_l  (13).  Whereas  it  was  previou  ly  shown  that 
Stages  I,  II,  and  III  were  strongly  influenced  hv  removing  the  surface 
e  1  eot  rochemi  ca  1  I  v  during  the  deformation  (14),  these  investigators  reported 
that  the  surface  removal  also  had  a  remarkable  effect  on  the  ductility  of 
tungsten  crystals.  When  no  surface  removal  was  involved,  these  single 
crystals  normally  failed  in  a  brittle  manner  along  (001)  slip  planes  with  a 
reduction  in  an  area  of  about  12"'.  Wi  in  surface  removal,  these  crystals 
fractured  with  the  formation  of  a  neck  and  a  reduction  oi  an  area  of  83". 
Apparently,  since  necking  occurs  when  d  /d-  =  •,  the  removal  of  the  surface 
decreased  the  work-hardening  of  the  entire  specimen  and  local  instability 
occurred  at  a  stress  much  lower  than  the  cleavage  stress. 


Dislocation  Distribution  in  Surface  and  Bulk  in  Fatigue  and  Stress  Corrosion 

A  verv  interesting  and  important  aspect  of  fatigue  failures  as  well  as 
other  subcritical  crack  formation  such  as  stress-corrosion  cracking  and 
hydrogen  embrittlement  is  that  the  cracks  form  at  a  relatively  low  stress 
level  compared  to  the  fracture  stress  of  the  material.  It  has  been  proposed 
(4,6)  that  such  a  crack  can  he  formed  by  the  pile-up  of  dislocation  against 
or  within  the  surface  lave-r.  According  to  this  proposal,  a  crack  would  form 
when  the  surface  layer  became  sufficiently  strong  to  support  a  critical  size 
pile-up.  When  the  local  stress  associated  with  this  accumulation  of  dis¬ 
locations  of  like  sign  exceeds  the  fracture  stress,  a  crack  will  form  in  tin- 
affected  region.  It  should  be  noted  that  in  Figure  3,  and  from  Taira's 
results  (10,11),  fatigue  failure  occurred  when  the  excess  dislocation 
density  attained  a  critical  value,  .*  or  that  was  independent  of  the 
applied  stress  amplitude.  It  was  also  reported  that  propagating  cracks 
formed  when  the  surface  layers  reached  a  critical  strength  (6).  The  two 
cases  are  equivalent  since  cs  =  iGb.  In  this  case,  fracture  occurred  at 
the  critical  strength  value  independent  of  the  environment,  stress 
amplitude,  and  prior  cyclic  history,  A  necessary  part  of  the  surface  layer 
fracture  model  is  that  a  critical  barrier  strength  is  required  to  prevent 
relaxation  of  the  stress  fields.  Fracture  does  not  occur  prior  to  the 
attainment  of  this  critical  strength,  because  the  stress  fields  from  the 
excess  dislocations  would  be  relaxed  by  plastic  deformation.  In  fatigue 
processes  where  the  direction  of  the  dislocation  motion  changes  with  the 
direction  of  the  applied  stress,  it  is  possible  that  stress  relaxation  can 
also  occur . 

It  appears  that  in  stress  corrosion,  the  mechanism  for  damage  may  be 
similar  to  that  occuring  in  fatigue.  Figure  6  gives  tha  half  width,  8,  as  a 
function  of  distance  from  the  surface  for  a  304  stainless  steel  stressed  at 

552  of  the  yield  strength  for  various  fractions  of  the  cracking  time,  t/tc, 

in  422  MgCl2,  where  tc  is  the  time  to  form  a  crack.  The  experimental  data 
(15)  show  that  a  surface  layer  with  a  negative  dislocation  gradient  is 
formed  first.  At  tc  *  0.1,  the  8  values  in  the  interior  are  essentially  the 
same  as  those  of  the  unstressed  material.  With  increasing  exposure  time  in 
the  MgCl2  solution,  the  density  of  dislocation  on  the  interior  and  the 
surface  layer  increases  continuously.  However-,  similar  to  the  findings  in 
fatigue,  the  increase  in  the  8  values  in  the  interior  is  much  more  rapid 
than  those  at  the  surface.  Again,  similar  to  fatigue,  cracking  occurs  when 

the  values  in  the  surface  are  essentially  equal  to  those  in  the  interior. 

In  1971,  Kamachi  and  coworkers  (16)  showed  (Figure  7)  that  the  8  values 
measured  at  the  surface  of  304  stainless  steel  specimen  exposed  to  42% 

MgCl2  at  various  stresses  increased  continuously  during  the  exposure  time. 
The  B  values  for  specimens  exposed  to  the  same  temperature  and  stress  in  an 
inert  environment  (parafin  oil)  increased  relatively  small  amounts 
initially  and  after  about  2  hours  remained  constant.  It  is  apparent  from 
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these  results,  that  the  environment  caused  a  rapid  increase  in  the  generation 
of  dislocations  in  the  surface  layer  and  in  the  interior  as  a  consequence  of 
the  production  of  dislocations  in  the  surface  layer.  Similar  to  the  process 
proposed  previously  for  fatigue  (4)  and  stress-corrosion  cracking  (17,18), 
it  appears  that  the  stress  field  from  dislocations  in  the  region  of  the 
surface  interacts  with  sources  in  the  interior  to  cause  a  general  increase 
in  the  dislocation  density  of  the  specimen  as  a  whole. 


DEPTH  DISTANCE  Worn 

Figure  6  -  p-»  profile  for  304 
stainless  steel  stressed  at  55% 
of  the  yield  strength  in  MgCl2 
for  various  times 


0  1  2  3  4  S  6 


TIME  IHRI 

O  SOILING  41%  M»CI,  UNDER  STRESS  17  3  KG1MM1 
•  PARAFIN  OIL  AT  l«4“C  UNDER  STRESS  17  3  KG  MM2 
□  ROILING  42%  MgCL,  UNDER  STRESS  »  7  KG'MM2 
■  PARAFIN  OIL  AT  1S4°C  UNDER  STRESS  IS  7  KG'MM2 
A  SOILING  42%  MgClj  UNDER  STRESS  20  0  KG'MM2 

Figure  7  -  S-time  values  mea¬ 
sured  at  the  surface  for  304 
stainless  steel  stressed  in 
MgCl2 


Determination  of  Fatigue  and  Stress-Corrosion  Damage 

Of  interest  in  Figure  3  is  the  observation  that  all  the  points  fall  on 
a  single  curve  Independent  of  the  stress  anplitude.  Most  importantly,  a 
propagating  crack  apparently  is  Initiated,  and  failure  occurs  when  a 
critical  value  of  the  excess  dislocation  density,  B*>  is  attained.  It  is 
evident  that  if  o*  can  be  determined,  and  the  relationship  between  fatigue 
damage  and  the  excess  dislocation  density  is  established,  an  assessment  of 
the  fatigue  damage  can  be  made.  It  may  be  seen  from  Figure  3,  as  well  as 
from  the  data  of  Taira,  et  al  (10,11),  that  the  slope  of  Stage  II  is  too 
low  to  be  used  for  accurate  and  practical  determination  of  fatigue  damage. 
An  examination  of  the  depth  profiles  shown  in  Figure  4  reveals  that  the 
buildup  of  excess  dislocation  density  at  the  surface  layer  occurs  much 
earlier  in  the  life  than  in  the  bulk.  However,  inspection  of  the  plateau 
values,  established  at  about  250  pm,  discloses  that  the  average  excess 
dislocation  density  in  the  bulk  Increases  steadily  throughout  the  life. 

It  follows  that  the  fatigue  damage  can  be  determined,  provided  the  X-ray 
beam  penetrates  sufficiently  far  into  the  materials  to  sample  both  the 
surface  layer  and  bulk.  Experimentally,  for  aluminum  this  can  be  achieved 


8 


by  application  of  X-ray  radiation  with  a  short  wavelength,  such  as  molybdenum 
K.i  radiation.  Figure  8  exhibits  a  plot  which  compares  the  average  excess 
dislocation  densities  obtained  from  measurements  with  copper  and  molybdenum 
radiation.  It  is  seen  that  by  applying  molybdenum  radiation,  a  sharp  incline 
of  the  slope  is  obtained  up  to  the  critical  value,  f>* ,  and  enables  a  deter¬ 
mination  of  the  accumulated  damage  unequivovally.  By  contrast,  application 
of  copper  radiation,  which  samples  only  the  defect  structure  of  the  quickly 
saturated  surface  layer,  cannot  accomplish  this  task,  owing  to  the  shallow 
slope  during  the  intermediate  life  fractions.  It  is  important  to  note  that 
at  N/Nf  *  1,  the  P*,  values  measured  with  molybdenum  and  copper  radiation 
are  equal.  Since  the  former  penetrates  about  350  pm  and  the  latter  about 
7  urn,  the  observation  indicates  that  the  dislocation  density  is  uniform 
throughout  the  cross  section  of  the  specimen.  It  is  also  possible  to 
estimate  8  from  surface  measurements.  From  Figure  3,  when  plotted  in  terms 
of  8  instead  of  p,  the  slope  in  the  region  from  252  to  952  damage  is  very 
low.  Not  too  much  error  is  made  if  the  value  for  8  is  selected  from  these 
surface  measurements,  provided  they  are  obtained  in  the  region  where  the  f 
values  are  increasing  very  slowly  with  the  number  of  cycles.  Of  course,  if 
a  calibration  curve  such  as  in  Figure  8  is  available,  then  the  damage  may 
be  read  directly  from  the  curve.  In  practice,  i t  is  unlikely  that  such  a 
curve  will  be  available.  Yet  another  procedure  may  be  used  to  determine 
whether  to  remove  a  part  from  service.  Without  actually  knowing  6  ,  the 
part  may  be  removed  whenever  the  8s/8j  value  exceeds  some  prechosen  value, 
for  example,  0.9. 


Figure  8  -  Comparison  of  dislocation 
density  measured  with  Cu  and  Mo 
radiation 


To  test  the  predictive  capability  of  this  method  using  the  line¬ 
broadening  method,  specimens  of  aluminum  2026  were  fatigued  at  four 
different  stress  amplitude  blocks  for  varying  number  of  cycles.  X-ray 
line-broadening  measurements  were  taken  after  each  block  using  both  copper 
and  molybdenum  radiation.  From  a  calibration  curve  obtained  from  measure¬ 
ment  taken  at  a  single  stress  amplitude,  as  shewn  in  Figure  8,  the  values 
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of  N/Nf  were  obtained.  The  amount  of  fatigue  after  cycling  at  each  block  is 
shown  in  Columns  5  and  6  of  Table  1.  At  the  end  of  the  fourth  cycling  block 
the  specimens  were  fatigued  to  failure  at  a  stress  amplitude  of  280  MPa  to 
determine  the  remaining  fatigue  life.  For  specimens  A  and  B,  the  X-ray  line 
broadening  method  predicted  that  the  remaining  fatigue  life  was  45%  and  54%, 
respectively,  compared  to  the  measured  values  of  42%  and  58%.  The  agreement 
is  considered  to  be  excellent.  When  Miner's  method  (19)  is  applied,  the  re¬ 
maining  life  should  have  been  20%.  A  method  for  calculating  fatigue  damage 
based  on  the  role  of  the  surface  layer  proposed  by  Kramer  (20)  was  used  to 
calculate  the  damage  reported  in  Column  4.  The  agreement  between  the  actual 
and  calculated  fatigue  damage  is  good. 


Table  I.  Comparison  of  Cumulative  Damage  Estimates  for  Aluminum  2024 
Spectrum  Specimens  Under  High-Cycle  Fatigue  Condition 


*  ; 
I  4 


Cycling 

Block 

Number  of  Cycles 
and  Stress  Amplitude 

Expended  Fraction 

of 

Life 

Miner 

Kramer 

X- 

-Ray  DCD 

Sample 

A 

Sample  B 

1 

36  x  103 

cvcles  at  +170  MPa+ 

0.20 

0.20 

0.19 

0.15 

2 

7.5  x  103 

cycles  at  +210  MPa+ 

0.40 

0.31 

0.29 

0.30 

3 

3.0  x  103 

cvcles  at  +245  MPa+ 

0.60 

0.49 

0.41 

0.38 

4 

1.5  x  103 

cycles  at  +280  MPa+ 

0.80 

0.63 

0.55 

0.46 

5 

Cycled  to 

failure  at  +280  MPa 

Remaining  Life 

Sample  A: 

N5  -  3.19  x  103 

X-rav 

DCD 

0.45 

0.54 

Sample  B: 

N5  »  4.36  x  103 

Actual 

(N5/Nf) 

0.42 

0.58 

In  another  series  of  tests,  specimens  of  aluminum  2024-T4  were  fatigued 
in  a  solution  of  3.5%  NaCl  for  various  fractions  of  the  life  at  three  dif¬ 
ferent  stress  amplitudes.  In  these  experiments,  chromium  radiation  was  used 
and  a  calibration  curve  for  Smo/Scr  as  a  function  of  the  fatigue  damage, 

N/Nf  was  obtained.  To  test  the  predictive  capability  using  an  extrapolation 
technique  the  data  were  plotted  in  Figure  9,  and  a  linear  relationship  was 
employed  to  determine  the  N/Nf  values  at  Sn,0/Scr  for  equal  to  one.  For  the 
specimen  fatigued  at  these  three  different  stress  amplitudes  (241,  276  and 
310  MPa),  the  intercept  ranged  between  94%  and  98%  and  indicates  that  the 
linear  extrapolation  procedure  is  valid. 

Recently,  W.  Mayo  (21)  Investigated  the  fatigue  behavior  of  aluminum 
2024-T4  under  low-cycle  fatigue  conditions  in  the  tension-tension  mode 
(R  =  0.2).  Unlike  the  case  of  high-cycle  fatigue,  the  dislocation  density 
in  the  Interior  was  essentially  equal  to  that  of  the  surface  for  measure¬ 
ment  obtained  after  cycling  in  excess  of  25%  of  the  fatigue  life.  The  dis¬ 
location  depth  profile  was  not  measured  at  lower  percentages.  Similarly,  a 
1020  steel  fatigued  under  low-cycle  conditions  in  axial  tension-compression 
(R  ■  -1)  displayed  a  similar  behavior  at  N/Nf  >  25%  (22).  Nevertheless,  as 
Che  fatigue  damage  was  Increased,  the  6  values  increased  in  a  linear  manner, 
and  failure  occurred  at  a  critical  value  of  6*  that  appeared  to  be  indepen¬ 
dent  of  the  strain  amplitude  (0.6%  to  1.0%).  A  linear  relationship  of  6/B* 
was  used  to  calculate  the  remaining  life  of  specimens  that  were  fatigued 
under  block-loading  conditions  of  various  strain  amplitudes.  These  data  are 
shewn  in  Table  II,  where  again  the  agreement  between  the  actual  and  the 
predicted  cycles  remaining  is  good. 
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Figure  9  -  Relationship  between 
and  N/Nf  for  2024-T4 
A1  in  3.5 %  NaCl 


Table  II.  Comparison  of  Cumulative  Damage  for  Aluminum  2024 


Specimens  Fatigued  Under  Low-Cycle  Fatigue  Conditions 


Type  of 
Loading 

History 

8 

Measured 
(minutes  of  arc) 

Predicted 

Cycles 

Remaining 

Actual 

Cycles 

Monotonic 

3,000  at 

1.0% 

cmax 

22.09 

4,550+1,550 

6,430  ; 

*  Block 

2,000  at 

1.0% 

emax 

19.65 

26,025+5,225 

! 

27,285  j 

■ 

+10,000  at 

0.6% 

£ 

max 

1 

+5,000  at 

0.8% 

cmax 

T 

j. 

Block 

10,000  at 

0.6% 

e 

max 

22.09 

22,230+3,230 

19,842 

+2,000  at 

1.0% 

e 

max 

i 

+5,000  at 

0.8% 

e 

max 

Block 

10,000  at 

0.6% 

Cmax 

18.89 

26,600+3,230 

22,730 

+5,000  at 

0.8% 

e 

max 

+2,000  at 

1.0% 

e 

max 

i 

The  data  for  the  prediction  of  stress-corrosion  damage  by  X-ray 
technique  is  limited  to  304  stainless  steel  exposed  to  42%  MgCl2.  An 
excellent  torrelation  between  the  fraction  of  life  time  T/Tf  and  the  ratio 
of  the  half  width  b/B  was  reported  by  Kamachi  and  coworkers  (16),  where  b 
is  the  half  width  as  a  function  of  time,  and  B  is  the  half-width  of  the 
original  material  measured  at  the  surface  (Figure  10).  Note  again,  failure 
occurred  at  a  constant  value  of  b,  independent  of  the  applied  stress.  From 
Figure  6  it  is  also  seen  that  the  ratio  of  Bs/fif  would  provide  a  measurement 
of  the  damage  since  failure  would  occur  when  ?,s  =  Sf. 
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Figure  10  -  Increase  in  the  half-width 
as  a  function  of  the  fraction  of 
failure  time  T/Tf  for  304  stainless 
steel  subjected  to  stress  corrosion 
in  MgC^  at  various  stresses 
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DTNSRDC  ISSUES  THREE  TYPES  OF  REPORTS 

1.  DTNSRDC  REPORTS.  A  FORMAL  SERIES.  CONTAIN  INFORMATION  OF  PERMANENT  TECH¬ 
NICAL  VALUE.  THEY  CARRY  A  CONSECUTIVE  NUMERICAL  IDENTIFICATION  REGARDLESS  OF 
THEIR  CLASSIFICATION  OR  THE  ORIGINATING  DEPARTMENT 

2.  DEPARTMENTAL  REPORTS,  A  SEMIFORMAL  SERIES.  CONTAIN  INFORMATION  OF  A  PRELIM 
INARY.  TEMPORARY.  OR  PROPRIETARY  NATURE  OR  OF  LIMITED  INTEREST  OR  SIGNIFICANCE 
THEY  CARRY  A  DEPARTMENTAL  ALPHANUMERICAL  IDENTIFICATION. 

3.  TECHNICAL  MEMORANDA.  AN  INFORMAL  SERIES.  CONTAIN  TECHNICAL  DOCUMENTATION 
OF  LIMITED  USE  AND  INTEREST.  THEY  ARE  PRIMARILY  WORKING  PAPERS  INTENDED  FOR  IN 
TERNAL  USE.  THEY  CARRY  AN  IDENTIFYING  NUMBER  WHICH  INDICATES  THEIR  TYPE  AND  THE 
NUMERICAL  CODE  OF  THE  ORIGINATING  DEPARTMENT.  ANY  DISTRIBUTION  OUTSIDE  DTNSRDC 
MUST  BE  APPROVED  BY  THE  HEAD  OF  THE  ORIGINATING  DEPARTMENT  ON  A  CASE-BY-CASE 
BASIS. 
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